Introduction
The 'epi-(greek for 'over', 'above') genome', with its rich cache of highly regulated, structural modifications-which include four different types of DNA methylcytosine derivatives and more than 100 different types of post-translational histone modifications and histone variants-defines the mouldings and threedimensional structures of the genomic material inside the cell nucleus. Studies in human brain have indicated that the epigenetic landscape remains 'plastic' throughout all periods of brain development and ageing, with ongoing dynamic regulation occurring even in neurons and other postmitotic constituents of the brain [1] [2] [3] [4] . Furthermore, mutations and structural variants in perhaps up to 50 genes, each encoding a different chromatin regulator, have been linked to a wide range of neurodevelopmental syndromes and rare, monogenic forms of autism and schizophrenia [5] , and even adult-onset hereditary neurodegenerative disease [6] [7] [8] . Of note, on the list of mutations in chromatin-associated proteins linked to neurodevelopmental disease, some molecular systems stand out owing to a more prominent representation. These include, for example, at least seven members of the BAF family of molecules, which assemble into ATPdependent chromatin remodelling complexes to regulate mobility of nucleosomes (the elementary units of chromatin, composed of 146 bp of DNA wrapped around an octamer of the core histones H2A/H2B/H3/H4) [5] . Here, we focus on methylation of the lysine (K) no. 4 residue of histone H3, a mark that on a genome-wide scale is broadly associated with transcriptional regulation and epigenetic tagging of promoter and enhancer sequences [9] . To date, mutations in five genes each encoding a H3K4-specific lysine methyltransferase or demethylase have been linked to developmental disability and impaired cognition, and several & 2014 The Author(s) Published by the Royal Society. All rights reserved.
additional disease-associated genes encode proteins with a key regulatory role for H3K4 methylation [5] . Furthermore, there is evidence that H3K4 methylation landscapes in the human cerebral cortex are dynamically regulated during prenatal development and throughout early childhood years until adolescence [10] , and potentially altered in some cases on the autism [11] or schizophrenia spectrum [12] . Therefore, the findings from clinical genetics and the conclusions drawn from the epigenome mappings in brain tissue coalesce, and when taken together, leave little doubt that fine-tuning of H3K4 methylation is of fundamental importance during an extended period of human brain development.
H3K4 methylation: an overview
The functions of post-translational histone modifications (histone PTM) are highly specific in a site-and residue-specific manner, and include methylation, acetylation and crotonylation, polyADP-ribosylation and small protein (ubiquitin, SUMO) modification of specific lysine residues, as well as arginine (R) methylation and citrullination, serine (S) phosphorylation, tyrosine (T) hydroxylation, among others [13 -15] . Methylation of the various lysine residues, including H3K4, H3K9, H3K27, H3K36, H3K79 and H4K20, has been linked to transcriptional initiation and elongation, heterochromatic silencing and other chromatin functions [16] . The ammonium group of lysine side chains can carry up to three methyl groups, and for many of the aforementioned methyl-lysines, important differences in the distribution and regulation of the mono-(me1), di-(me2) and trimethylated (me3) forms emerged [16] . Powerful technologies, such as chromatin immunoprecipitation in conjunction with nextgeneration-sequencing-based quantification of the DNA (ChIP-seq), have been widely applied to various histone methylation markings in multiple tissues. In the case of H3K4, ChIP-seq studies have shown that the trimethylated form H3K4me3 is in human brain typically organized as approximately 30 000 sharp 'peaks' genome-wide [4, 17] . These 'peaks, which often are cell-type specific and limited to 1 -2 kb in length, are mostly found around transcription start sites (TSSs) of proximal gene promoters and other regulatory sequences, many of which are CpG enriched [18, 19] . On a genome-wide scale, the H3K4me3 mark broadly correlates with RNA polymerase II occupancy at sites of active gene expression [20] , and is thought to provide an additional layer of transcriptional regulation [21, 22] . In striking contrast, the di-and mono-methylated forms, H3K4me2 and H3K4me1, are organized as much broader peaks when compared with H3K4me3 and tag a much larger proportion of open chromatin, including promoters and enhancers that positively regulate expression of genes which could be positioned many thousands of basepairs further down-or upstream [9, 23] . When occurring together with sharp peaks of histone H3 acetylated at lysine 27 (H3K27ac), enrichment for H3K4me1 and/or H3K4me2 and in some cases, me3, is likely to flag active enhancer sequences [9, 24] . Conversely, inactive enhancer sequences are defined by high levels of H3K4me1 but in the presence of the repressive mark, histone H3 trimethylated at lysine 27 (H3K27me3) [25] and at the expense of acetyl-H3K27 [24] . It has been proposed that some of the inactive enhancers tagged with the H3K4me1 mark is a reflection of their developmental potential, because some of these sequences could be reset epigenetically into an active state under certain conditions, including differentiation, similar to the transiently occurring bivalent state of promoters dually tagged with open and repressive histone modifications in some stem cell types [24] . Interestingly, in brain chromatin, 70% of H3K4me1 sites are positioned within transcriptional units, which contrasts with many peripheral tissues that are defined by a somewhat higher representation of intergenic sequences at the expense of intragenic H3K4me1 [26] . The fact that brains show higher enrichments for H3K4me1 in intronic sequences in comparison with the peripheral tissues studied so far, could be explained by the fact that brain transcriptomes, in comparison with other tissues, show an overrepresentation of genes defined by high conservation of intronic sequence [26] . This finding could imply that transcriptional mechanisms in the brain rely more heavily on regulatory sequences within introns. In any case, proper H3K4 methylation is probably important to maintain open chromatin states in brain tissue. In this context, it is important to note that unmethylated H3K4 effectively serves as a DNA methylation signal which at promoters and enhancers is mostly associated with repression and inhibition of transcriptional activity [27, 28] .
H3K4-specific methyltransferases and demethylases
For a detailed review on lysine methyltransferases (KMTs) and demethylases (KDMs) as regulators of histone methylation, including the H3K4 residue, see Black et al. [29] . At least 11 genes in the human genome encode a protein with lysine methyltransferase activity specifically directed against the H3K4 residue. There are six H3K4-specific methyltransferases that share a highly conserved catalytic SET domain (KMT2A-D, KMT2F-G, which in the literature are better known under their older names SET1A-B, MLL1-4) [30] and additional genes (including MLL5 (KMT2E), ASH1 (KMT2H), SMYD3 (KMT3E), SET7/9 (KMT7), MEISETZ); each of these proteins methylates H3K4 with high specificity [31] . The one exception is MLL5 which is thought to harbour a SET domain that lacks catalytic activity [32, 33] . The mixedlineage leukaemia (MLL) group require additional subunits to attain maximal activity towards H3K4. A well-studied example would be the 'WRAD' (WDR5, RbBP5, ASH2L, DPY30) MLL-associated core complex [30, 34] . Like the WRAD, the scaffolding protein MENIN has been shown to be important for MLL1-mediated H3K4me3/2/1 methylation [35 -37] . Mechanistic studies in vivo are complicated by the frequent observation that dysregulation in one type of histone PTM causes secondary alterations in additional PTMs. For example, while MLL1 upregulates in vitro primarily monoand di-methylated H3K4 [34] , Mll1 deficiency in some brain regions results not only in decreased H3K4me2 (as predicted from the in vitro data) but also lower levels of the trimethylated form (H3K4me3) around a subset of TSSs [12, 38] . In addition, Mll1 deficiency is associated with secondary effects on histone marks not directly regulated by the MLLs; for example, there is incomplete removal of a repressive histone mark, H3K27me3, at the H3K4me3-tagged promoters [39] . It is thought that the MLL1 -4 enzymes each target a limited but very specific subset of genomic loci, including homeobox gene clusters as key regulators of morphogenesis and early rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130514 development [29] . Thus, MLL1 regulates less than 5% of promoters that carry an H3K4 trimethylation signal, whereas SET1A/B are thought to function as general regulators for this histone mark [37] . The (gene) target selectivity that defines some of the H3K4 KMTs could be due to differential binding to various cofactors and chromatin-associated proteins [40, 41] . The H3K4-specific KMTs are complemented by an equally complex system of KDMs, with to date at least eight genes encoding a KDM that primarily (albeit often not exclusively) targets the H3K4 residue [29, 31] . Active histone demethylation has been linked to two different mechanisms. The first type, represented by LSD1/KDM1A, involves an amine oxidase domain and flavin adenine dinucleotide (FAD) as cofactor to demethylate mono-and dimethylated lysines, including H3K4me2 and H3K4me1 [42] , albeit activity against the H3K9 residue, particularly in complex with oestrogen or androgen receptors, also has been described [43] [44] [45] . Monoamine oxidase inhibitors (MAOi) such as tranylcypromine or phenelzine-powerful antidepressants that exert their therapeutic effects mainly by elevating brain monoamine levels through inhibition of MAO-A/B-also block LSD1-type histone demethylases [44] . The second type of demethylase, which in contrast to LSD1/LSD2 is capable of demethylating trimethyl markings, involves Fe 2þ -dependent dioxygenation
by Jumonji-C (JmJC) domain-mediated catalysis [44] . The KDMs, like the KMTs, each show a specific combinatorial set of functional domains and (protein) binding partners [44, 46] , suggesting at least partial non-redundancy in function. For example, LSD1/KDM1A is thought to regulate histone methylation at promoters, whereas LSD2/KDM2B is bound to transcriptional elongation complexes and removes H3K4 methyl markings in gene bodies, thereby facilitating gene expression by reducing spurious transcriptional initiation outside of promoters [47] .
Neurological disease associated with mutations in H3K4 regulators
Normal gene dosage of both for MLL1 and MLL4 is essential for human health, and haploinsufficiency of either gene is associated with developmental delay [48] and disability [49 -51] . However, whether genetic ablation of each of these two orthologues results in overlapping behavioural, electrophysiological and molecular phenotypes remains an open question. Mutations in MLL1 are thought to be responsible for the majority of cases with Wiedemann -Steiner syndrome (Mendelian inheritance in man (MIM) no. 605130), an extremely rare neurodevelopmental condition defined by intellectual disability, short stature, microcephaly and elbow hypertrichosis [51] . Furthermore, approximately 70% of patients with Kabuki syndrome (MIM no. 147920) carry deleterious mutations in MLL4 [48] . Note that MLL4 (a closer homologue to MLL3) in the literature is sometimes confused with MLL2 (a close homologue to MLL1) [30] . We refer to MLL4 (also known as ALR) as the KMT encoded on chromosome 12p13 that is mutated in Kabuki syndrome, and refer to MLL2 (also known as TRX2 or Wbp7) as the KMT encoded on chromosome 19q13. Kabuki syndrome, with more than 400 cases described worldwide, is defined by mild-to-moderate intellectual disability, failure to thrive in early childhood and short stature, and characteristic facial features, including elongated palpebral fissures [48] . The MLLs, including MLL1 and MLL4, are very large proteins 3972 (MLL1) and 5537 (MLL4) amino acids in length comprised 37 (MLL1) or 60 (MLL4) exons [30] , with the majority of mutations thought to cause premature termination or frameshifts, and there is no apparent clustering of mutatons around a specific functional domain [51] . The majority of mutations in Wiedemann-Steiner and Kabuki patients are likely to occur de novo, albeit a significant number of familial cases have been observed [51] . Additional cases with intellectual disability have been linked to singlepoint mutations in MLL3 [52] . Strikingly, the list of monogenic neurodevelopmental disorders includes additional genes with an essential role for MLL-mediated H3K4 methylation. CUL4B, encoding a scaffold protein for the assembly of Cullin4B-ring ubiquitin ligase (CRL4B) complexes, is mutated in some cases with X-linked mental retardation (XLMR) [53] [54] [55] .
Recently, it was discovered that CUL4B mediates ubiquitination and degradation of WDR5, a core subunit of the WRAD complex which is essential for MLL-mediated H3K4 methylation in vivo [56] . Consequently, downregulation of CUL4B resulted in elevated levels of WDR5 and H3K4 trimethylation on neuronal gene promoters [56] . Furthermore, missense mutations in the H3K4 demethylase KDM5A/JARID1A have been linked to an autosomal recessive form of intellectual disability [57] and, likewise, deleterious mutations in the X-linked KDM5C/JARID1C/ SMCX could cause mental retardation and autism [58] [59] [60] . Furthermore, polyalanine ( polyA)-tract-expansion-encoding mutations in the aristaless-related homeobox transcriptional regulator (ARX, MIM no. 300382), considered to rank among the most frequent causes of XLMR and epilepsy, are thought to lead to a dramatic downregulation of the ARXdriven transcription of KDM5C and, as a secondary effect, excessive H3K4 trimethylation [61] . To summarize then, at least seven genes-MLL1, MLL2, MLL3, KDM5A, KDM5C, ARX, CUL4B-each ascribed an essential role in the regulation of H3K4 methylation, are linked to rare monogenic forms of neurodevelopmental disease, including intellectual disability and autism ( figure 1 and table 1 ).
Mouse models for genetic disorders associated with H3K4 methylation defects
The aforementioned subjects diagnosed with WiedemannSteiner or Kabuki syndrome are haploinsufficient for MLL1 or MLL4. Interestingly, like their human counterparts, brain function is abnormal in Mll1 mutant mice that carry only one intact copy of the gene. These Mll1 2/þ heterozygous mice are affected by robust deficits in hippocampal learning and memory [79] and synaptic plasticity [80] , whereas conditional deletion of both Mll1 alleles in stem cells residing in the subventricular zone results in severe defects in neurogenesis, whereas the glial lineage remains relatively unaffected [39] . Homozygous Mll1 null mutant mice die during early embryogenesis (around E10) but, interestingly, deletion of the catalytic SET domain alone is not lethal [81] . and H3K4me3 that were confined to promoters of only the genes that were subjected to altered expression [82] . To the best of our knowledge, there are no studies exploring behavioural alterations in H3K4-specific KDMs, including Kdm5a and Kdm5c. However, it has been reported that RNAinduced Kdm5c knockdown in rat cerebellar granule neurons reduces dendritic length, and furthermore, Kdm5c is essential for neuronal survival during zebrafish development [59] . Interestingly, in cultured Arx null mutant cells, Kdm5c levels are severely reduced in differentiating GABAergic neurons [61] . Furthermore, conditional Arx deletion in the ganglionic eminence which contributes the largest proportion of interneurons for the cerebral cortex, leads to seizure disorders and neurocognitive deficits in mice [83] .
6. Disordered H3K4 methylation in brain of subjects diagnosed with autism and schizophrenia, and in the animal model
As discussed above, multiple monogenic forms of neurodevelopmental disease have been linked to dysregulated H3K4 methylation. It is very likely that proper regulation and finetuning of the H3K4-methyl marks is pivotal for healthy brain development, because both mutations associated with loss (MLL1, MLL4) and gain of H3K4 methylation (ARX, CUL4B, KDM5A, KDM5C) potentially result in intellectual disability and autism, microcephaly, seizure disorder and other neurological disease in early childhood. Furthermore, there is increasing evidence that H3K4 methylation landscapes undergo genome-wide reorganization during early development. For example, in the human cerebral cortex, neuronal and glial H3K4-trimethyl profiles are subjected to significant remodelling at the site of 1000-1500 genes during the transitions from the late gestational period to early and late childhood [10] . Such developmentally programmed remodelling of neuronal and glial H3K4 methylation marks most certainly overlaps with the time period for vulnerability of common psychiatric disorders with a neurodevelopmental aetiology, including autism and schizophrenia. Autism spectrum disorders (ASD) are a group of conditions bound together by broad syndromic overlap of three key behavioural deficits in social interaction, communication and restricted, stereotypical or repetitive behaviour. ASDs also present with intellectual disability and neurological manifestations, including seizure disorder, and other movement disorders. The age of onset of ASD falls within early childhood, mostly within the first 36 months after birth. It is currently estimated that one of every 88 children born in the USA will be diagnosed with ASD [84] . Schizophrenia is a disorder affecting approximately 1% of the general population. Its core symptoms include defects of motivation, thought and cognition, and delusions and hallucinations [85] . The disease typically becomes manifest during young -adult years, but shows, in terms of genetic [86, 87] and neurodevelopmental risk architectures [88, 89] , substantial overlap with ASD and related psychiatric disorders. Therefore, given that multiple regulators of H3K4 methylation are associated with neurodevelopmental disease, and given that the H3K4 methylation is subject to dynamic changes during the extended period of development and maturation of the human brain, it remains possible that this epigenetic mark is more broadly involved in the pathophysiology of the aforementioned common psychiatric conditions. While it is unlikely that mutations or genetic variations in H3K4-specific KMTs and KDMs, or their regulatory networks, play a role outside of affecting a very small subset of subjects diagnosed with autism, schizophrenia and other common psychiatric disease such as depression, dysregulated H3K4 methylation could play an important role in the pathophysiology, by providing a molecular bridge that links the internal and external environment of the neuronal and glial genomes in the brain. As illustrated by the following findings from independent animal models of relevance for the neurobiology of autism and psychosis spectrum disorders, there can be little doubt that H3K4 methylation landscapes of brain cells are sensitive to a wide range of environmental perturbations. First, the H3K4me3 mark undergoes both global and gene-specific alterations in hippocampus of fear-conditioned animals [79] . Second, different levels of maternal care are associated with changes in H3K4me3 at the metabotropic glutamate receptor gene (mGluR1) in hippocampus of adult offspring [90] . Third, studies in mice have shown that activation of the maternal immune system by the cytokine activator and viral RNA mimic polyriboinosinic-polyribocytidilic acid (poly IC), which leads to behavioural deficits in the adult offspring reminiscent of autism and schizophrenia [91, 92] , could result in robust but transient changes in H3K4 methylation at cytokine signalling and other genes in the fetal brain, together with more subtle changes in adult offspring brain [93] . Fourth, prenatal exposure to the alkylating and antimitotic agent methylazoxymethanol, such as the aforementioned immune activation which is a popular paradigm to model the neurodevelopmental origins of psychosis [94] , results in decreased H3K4 methylation in the adult prefrontal cortex [53,55,75 -78] rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130514 [95] . Fifth, some drugs, including the atypical antipsychotic clozapine and the stimulant metamphetamine, alter H3K4 methylation signatures at specific gene promoters in cerebral cortex and striatum [12, 96] . While there is no evidence to date that overall levels of H3K4 methylation are altered in brain tissue of subjects diagnosed with autism or schizophrenia [11, 97] , changes at specific loci have been reported. In a recent genome-wide study, H3K4me3 was quantified in neuronal chromatin from the prefrontal cortex of 16 subjects on the autism spectrum [11] . Remarkably, not a single locus reached statistical significance on the cohort level. However, more than 700 sequences genome-wide showed a significant methylation change in at least one of the autism brains, in comparison with each of the controls, without exception. Interestingly, there was a two-to threefold, significant enrichment for genes and loci conferring genetic risk for neurodevelopmental disease. Furthermore, for many loci with an abnormal epigenetic signal in one (or several) autistic individuals, changes in gene expression could be documented for at least some of the very same cases with altered histone methylation. Based on these findings [11] , one could conclude that each of the diseased brains showed a subject-specific H3K4 methylation signature, with each individual affected by a unique combinatorial set of abnormal histone methylation levels at select TSSs, together with altered expression of the associated gene transcripts. These individual-specific epigenetic alterations in the autism postmortem cohort included AUTS2, PARK2, RIA1, RIMS3, SHANK3, VGEL and many other susceptibility loci with high penetrance for disease risk. This finding suggests that in autism, epigenetic and genetic risk maps overlap significantly. Whether the observed H3K4 methylation changes are linked to a DNA sequence alteration in cis or elsewhere in the genome (trans); reflect an adaptive or maladaptive response to environmental effects; are the outcome of some secondary or tertiary process in the neurobiology of disease; or are simply an epiphenomenon, remains to be determined in future studies. One interesting finding that emerged from the genome-wide, next-generation-sequencing-based mapping of H3K4me3 in prefrontal neurons of subjects with autism spectrum was the 'spreading' of this histone mark away from the TSSs and encroaching into gene bodies and upstream sequences [11] ( figure 2a,b) . This alteration, which affected 4/16 cases but none of the controls, resulted in a significant broadening of the neuronal H3K4me3 peaks [11] , which in normal brain are overwhelmingly organized into sharp peaks extending over 1-2 kb or less [4] . Interestingly, UpSET, the MLL5 homologue of Drosophila, assembles with Rpd/Sin3-repressor complexes and thereby regulates promoter-associated histone acetylation and H3K4 tri-and di-methylation. Strikingly, loss or decrease of UpSET alters chromatin architectures of promoters, including broadening of H3K4me3 peaks [32] . Whether or not MLL5 plays a role in the observed H3K4me3 peak broadening that affects neuronal chromatin of some subjects with autism [11] will await further investigations (figure 2c). In either case, these findings serve as important reminders that epigenetic alterations in neuropsychiatric disease should not solely be viewed in quantitative terms as 'increase' or 'decrease', and should include shape, spread and spatial profiles of epigenetic markings at specific sequences.
In addition to the aforementioned work in autism brains, genome-wide histone methylation surveys have been conducted in schizophrenia. One study explored H3K4me3 changes in cultured cells, including immature neurons, which were derived rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130514 from a biopsy of the olfactory epithelium of four subjects with schizophrenia and four matched controls [98] . Again, hundreds of loci showed H3K4 methylation changes in the disease cases, and at least 72 genes, some of which were of relevance for oxidative stress, metabolism and cellular (incl. synaptic) signalling, were affected by altered H3K4me3 in conjunction with altered expression. In addition to these genome-wide surveys, a number of studies reported changes in H3K4 methylation at neuronal signalling genes in brains of subjects diagnosed with schizophrenia or depression [12, 99, 100] .
Outlook
As discussed above, multiple genes encoding regulators of H3K4 methylation are linked to monogenic forms of neurodevelopmental disease, thus accounting for some of the strongest genetic risk factors for intellectual disability and ASD. Changes in H3K4me1/2/3 have also been observed at numerous loci in cerebral cortex of subjects diagnosed with autism, schizophrenia and even depression, though it should be noted that these studies cannot clarify whether the observed H3K4 methylation changes were upstream of the disease process as opposed to a secondary effect, or epiphenomemon of the disease process. Interestingly, in the animal model, H3K4 methylation markings are sensitive to drugs interfering with dopamine and other monoamine signalling, and to various environmental perturbations. Thus, the question arises whether regulators of H3K4 methylation could emerge as promising drug targets for the treatment of brain disorders. To the best of our knowledge, preclinical or clinical studies targeting regulators of H3K4 methylation for drug-based treatment of neurological or psychiatric disease have not yet been reported. Given that other types of 'epigenetic' drug treatments, including histone deacetylase inhibitors, exhibit a surprisingly broad therapeutic profile in the preclinical model, including depression and other psychiatric illnesses [101] [102] [103] in addition to various neurological disorders [8] , it will be extremely interesting to target H3K4 methylation in the treatment of neurodevelopmental and neuropsychiatric disease. Furthermore, the rationale for such an approach is provided by recent studies reporting that RNA-mediated knockdown of H3K4-specific methyltransferases and demethylases, including Mll1 and Kdm5c, affects reward-and addiction-related behaviours in the adult animal [96] . Finally, while the focus of this review was on H3K4 methylation and neurodevelopment, it should be mentioned that regulatory mechanisms associated with several additional types of histone methylation, including H3K9, H3K27 and other repressive marks, have also been implicated in various disorders of the developing and adult brain [31, [104] [105] [106] .
Note added in proof
While this paper was in print, Takata et al. [107] reported that loss-of-function variants of the H3K4-specific methyltransferase SETD1 (SET domain-containing 1A/SET1A) are associated with genetic susceptibility for schizophrenia. 
